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ABSTRACT
COMPUTATIONAL ANALYSIS OF IGBT PACKAGE USING GRAPHENE COMPOSITES
AS THERMAL INTERFACE MATERIALS
Rajasekhar Reddy Syamala, M.S.
Department of Mechanical Engineering
Northern Illinois University, 2016
Dr. Pradip Majumdar, Director

Heat dissipation is one of the most critical issues in electronics due to increasing power
densities. This problem is getting even worse for small and sophisticated devices. Thermal
Interface Materials (TIM) placed in between heat source and heat sink plays a major role in cooling
devices. The ability to work at large temperature cycling results in reduction of thermosmechanical reliability for the traditional TIMs. A high thermal performance, cost effective and
reliable TIM would be needed to dissipate the generated heat, which could enable significant
reductions in weight, volume and cost of the thermal management system. The objective of this
research is to design advanced TIM using graphene-metal, graphene-polymer, graphene-phase
change material or nanotubes-metal composite that can outperform traditional TIMs when it is
used in high heat fluxes applications including space and aero-space applications. A three
dimensional computational analysis model is developed to evaluate graphene-based TIM in terms
spreading of heat and reduction junction temperature using power device that uses Insulated-Gate
Bipolar Transistor (IGBT) power module.
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CHAPTER 1
INTRODUCTION
1.1 Motivation

Day by day the power densities in electronics are rapidly increasing; as a result the
generated heat due to these power densities also keeps on increasing. Due to this unwanted heat
the reliability of the electronic component decreases gradually and leads to failure. This problem
is even worse for small and sophisticated devices because of the fact that for small devices there
is not enough area for heat distribution. As a result heat is accumulated at smaller areas there by
increasing the maximum temperature in the component. This problem is not only limited to
electronics but also for solar cells, communication devices and many energy generation units.
Thermal interface materials (TIM) are generally placed in between the heat source and heat
sink in electronics to fill the air gaps in between the mating surfaces at the interface. Thermal
interface materials are the necessary components of the thermal management systems. TIMs play
a vital role in cooling the electronic devices.
At high power densities the performance of the TIM layer decreases over time. This causes
higher resistance to the heat flow in the electronic components. Also the ability to work at large
temperatures results in lowering of reliability for the traditional TIMs. A high thermal
performance, reliable and cost effective TIM would be needed to dissipate unwanted heat from
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the devices. This could enable significant reductions in the weight, volume and cost of the thermal
management system.
1.2 Literature Review

Ghosh, Bao, Nika, Subrina, Pokatilov, Lau and Balandin measured the intrinsic thermal
conductivity of few layer graphene sheets by increasing number of atomic planes. They studied
that at room temperature this intrinsic thermal conductivity changes from 2800 to 1300 W/m K as
the number of atomic planes increases from 2 to 4 [1].
Balandin reviewed the thermal properties of various carbon materials including graphene,
carbon nanotubes, graphite nanoplatelets and graphene flakes. The increase in thermal
conductivity is very high for the base material when carbon materials are used as fillers compared
to the traditional fillers [2].
Li, Cai, An, Kim, Nah, Yang, Piner, Velamakanni, Jung, Tutuc, Banerjee, Colombo and
Ruoff in their paper synthesized large area graphene films by using new technique called chemical
vapor deposition using methane on copper substrates [3].
Seol, Jo, Moore, Lindsey, Aitken, Pettes, Li, Yao, Huang, Broido, Mingo, Ruoff and Shi
discussed in their paper that they fabricated monolayer graphene paper exfoliated on a silicon
dioxide. Thermal conductivity of this material is 600 W/m K which is higher than most of the
metals [4].
Wu and Drzal fabricated new flexible graphene paper using graphene nanoplatelets. The
thermal conductivity of this graphene paper is around 313 W/m K. They observed that when this
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graphene paper is inserted into multilayer composites it enhanced the in plane thermal conductivity
to the composite [5].
Shahil and Balandin in their paper described the thermal properties of graphene and few
layer graphene in thermal management applications. They indicated that graphene based thermal
interface materials performed better than carbon nanotubes because they have lower kapitza
resistance at the interface [6].
Park, Guo, Li, Hu, Liu, Ruan and Chen developed a high performance FLG composite
thermal interface material using exfoliation method. They measured the thermal interface
resistance between FLG and copper layer. Thermal interface resistance is very low for this material
than most of the traditional thermal interface materials [7].
Singh, Murthy and Fisher in their paper measured the reduction in intrinsic thermal
conductivity of graphene sheets by using linearized Boltzmann transport equation [8].
Sarvar, Whalley and Conway discussed the advantages and disadvantages of various
materials including thermal greases, phase change materials, elastomers and carbon nanotubes.
They also discussed about the factors those need to be considered while considering thermal
interface materials [9].
Narumanchi, Mihalic, Kelly and Eesley in their paper measured the thermal resistance of
various thermal interface materials by using ASTM D5470 test method. They observed that by
reducing the thermal resistance of thermal interface materials, the maximum temperature in the
package decreases gradually [10].
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1.3 Thesis Objectives
The main aim of this research is to develop advanced thermal interface material using
different structure of filler matrix composition, mixture composition and thickness of number of
candidate samples. Generally TIM layer has the maximum thermal resistance in the package.
Reducing the thermal resistance of this layer leads the heat to flow effectively from heat source to
the heat sink thereby decreasing maximum temperature in the package. Graphene has very high in
plane thermal conductivity than most of the traditional thermal interface materials. It enhances the
heat to flow evenly in all directions. Graphene-metal, Graphene-polymer, Graphene-Phase change
material or nanotubes- metal composites can outperform traditional TIMs when they are used in
high heat fluxes. The three dimensional computational analysis is carried out using Insulated-Gate
Bipolar Transistor package (IGBT) to evaluate different material combination for TIM by using
STAR-CCM+ software for high heat flux applications such as space or aerospace applications.
Comparison will be made with state of art TIMs such as grease or gel in terms of order of
magnitude increases in thermal conductance.

CHAPTER 2
THERMAL INTERFACE MATERIALS
2.1 Introduction

If we attach two layers together then the contact area in between those two surfaces will be
very low. This is due to waviness and roughness of the surfaces in contact [9]. Heat flows from
one surface to another surface through these contact areas. This is due to the air gaps between the
contacts at the interface because thermal conductivity of the air is very low. In case the contact
area is very low then the conduction of heat across the two surfaces decreases drastically.
Thermal interface materials generally placed in between two contact surfaces to eliminate
air gaps and grooves thereby improving conduction of heat at the mating surface. These materials
are used to decrease the thermal resistance between contact surfaces there by increasing the thermal
contact conductance.
Air gaps in between the two surfaces are clearly shown in the below figure 1 at the contact
area.
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Figure 1: Air gaps in between two surfaces

Source: https://dspace.lboro.ac.uk/dspace-jspui/bitstream/2134/4197/1/RC74.pdf

2.2 Types of TIMs

There are plenty of thermal interface materials available to suit for the various applications. They
include
1. Thermal greases
2. Phase change materials
3. Elastomers
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2.2.1 Thermal Greases

Thermal grease is a paste which is composed of two materials. These two substances are
base material and fillers. The commonly used base material for the thermal grease is silicone.
There are two types of fillers used for the paste. These include ceramic fillers or metallic fillers.
Common ceramic fillers include silicon dioxide, aluminium nitride, boron nitride and zinc oxide.
Aluminium and silver are used as the metallic fillers. The thermal conductivity of the thermal
grease material depends on the filler content. Basically this thermal conductivity is directly
proportional to the filler content. If we increase the filler content in the mixture then automatically
thermal conductivity of the mixture increases [9].
The main advantage of thermal grease is that they have very low cost. Also they fill the
voids very efficiently in between the mating surfaces. The disadvantages of these greases are pump
out and dry out there by flowing out at the interfaces in between the mating surfaces [9].
2.2.2 Phase change materials

Phase change materials are mixture of two materials include base material and metal
oxides. Phase change materials don’t change their phase form one state to another state. The
viscosity of the base material decreases so that the mixture can flow effectively in between the
grooves at the mating surfaces.
The advantages of phase change materials include they are easy to apply. No dry out and
no pump out at the interface. The disadvantage of these materials is they have low thermal
conductivity. Although the thermal conductivity can be slightly increased by using different types
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of base materials but it is still less than most of the thermal interface materials. The reliability of
the phase change materials decreases over the large temperature scaling over long periods of time.
2.2.3 Elastomers

Elastomers are the materials which comprise of conductive fillers such as silicone.
Elastomers are generally thermally conductive and electrically insulators in nature. These
materials are used in applications where there is a need for heat conduction and electrical
insulation. These types of thermal interface materials are placed in between metal component and
semi conductor component.
The thermal conductivity of these materials is very low. They dissipate very low amount
of generated heat form the component due to this low thermal conductivity. The main advantage
of elastomers is that they are easy to handle.
2.3 Graphene

Graphene is an allotrope of carbon. It is discovered in 2004. Graphene is only one atom
thick. Below are some of the properties of graphene.
-

It is nearly transparent in nature

-

Flexible

-

It has high electrical conductivity

-

High thermal conductivity

-

Very strong
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According to Raman optothermal method graphene has very high thermal conductivity in
the order of 2000- 5000 W/m K [2]. That means graphene has higher thermal conductivity values
than diamond which has about 2200 W/m K at room temperature. Graphene is a very good heat
conductor.
The in-plane thermal conductivity of graphene is very high. The out of plane thermal
conductivity of graphene is very low compared to the in-plane values. The through plane thermal
conductivity of graphene is around 10 W/m K at room temperature. Due to this behavior the heat
spreads along the in-plane than in the Z direction. As a result, graphene spreads the heat generated
by power densities in the XY plane. It also conducts the heat effectively from heat source to heat
sink there by reducing the maximum temperature in the electronic components.
The thermal conductivity of few layer graphene decreases as the number of atomic planes
increases [1]. As the number of atomic planes increase from 2 to 4 the thermal conductivity of few
layer graphene also changes from 2800 W/m K to 1300 W/m K at room temperature [1]. Few layer
graphene materials are easy to manufacture than the single layer graphene.
2.4 Graphene Composites

Graphene is widely used as a filler material in composite materials due to its outstanding
thermal properties as well as lower in cost compared to other materials. The thermal conductivity
of the composite thermal interface materials purely depends on what type of materials using in it.
We can try various composites such as graphene-metal, graphene-phase change material,
graphene-polymer or nanotubes-metal composites.
In practical applications composite materials are often used as thermal interface
materials. This is due to the fact that composite materials have low thermal interface resistance
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and are stable when there is heat flux in the component. These composite materials effectively
remove the hot spots created by the heat fluxes by reducing the excessive heat and maximum
temperature in the component. For this reason it is always desirable to use composite materials as
thermal interface materials in practical applications.

CHAPTER 3
INSULATED GATE BIPOLAR TRANSISTOR MODULE
3.1 IGBT switch
Insulated gate bipolar transistor is an electronic switch used for high accuracy and for the
high switching speeds. IGBT is used over Metal Oxide Field Effect Transistor (MOSFET) and
Bipolar Junction Transistor (BJT) switches where there is need for fast switching and high voltage
capability. Mostly IGBT switch is used in power electronics applications. Below are some of the
applications of IGBT switch.
-

Electric vehicle motor drives

-

Inverters

-

Converters

-

Inductive heating cookers

-

Welders

-

Power supplies

In this research I have taken Insulated Gate Bipolar Transistor package module of the
Toyota Prius, the hybrid car’s inverter to design advanced thermal interface material using
graphene composites. During the operation of the IGBT switch there is so much of heat is
generated due to its fast switching applications. The generated heat is carried away to the heat sink
through many layers in the package. Thermal interface materials play a key role in
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transferring heat from heat source to the heat sink there by reducing the maximum temperature in
the package.

3.2 IGBT switch in an Inverter

Inverter is an electronic device that converts the electricity from DC to AC appliances. The
current from the DC source is supplied to the primary winding of the transformer within the
inverter housing. Usually magnet is used to produce the AC current in the secondary winding.
Unlike using the magnet, an electronic switch is used to produce the alternating current in the
secondary winding.
The direction of flow of current is regularly broken with the help of the IGBT switch in the
primary winding in the inverter housing. This continuously in and out flow of current in the
primary winding produces the alternating current in the secondary winding of the transformer
housing. In this way AC current is produced in the transformer.
For this purpose IGBT switch is used in the inverter to produce the AC current output
which is useful for many AC appliances. Fast switching is very useful in this case because the
direction of flow of current is regularly broken with the help of the IGBT.
3.3 IGBT package

Typical insulated bipolar transistor package consists of IGBT switch mounted on direct
bond copper (DBC) layer. This IGBT switch is soldered to the DBC layer. Direct bond layer
consists of three layers. Usually aluminium layer is inserted in between two copper layers. The
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direct bond copper layer is attached to the base plate. Usually this base plate is made of copper.
The copper base plate is attached to the heat sink through the thermal interface material layer. That
means TIM is used as an interface in between copper base plate and heat sink.

Different layers in IGBT package are
-

IGBT switch, Diode

-

Direct bond copper layer

-

Cu base plate

-

Thermal Interface layer

-

Heat sink

3.3.1 DBC layer

Direct bond copper layer usually comprised aluminium substrate inserted in between two
copper layers. This DBC layer is mainly helpful in the IGBT package to form the interconnections
in between two layers. This is useful in cooling of the electronic components. Oxidation process
at high temperatures is used to attach the aluminium substrate in between the two copper layers.
The common substrate materials are
-

Aluminium

-

Aluminium Nitride

-

Beryllium Oxide

-

Alumina

The volumetric coefficient of thermal expansion is very low for the DBC layer. This is
very useful in spreading the heat very effectively.
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3.3.2 Base Plate

Base plate gives the mechanical and thermal stability to the IGBT package. Usually base
plate is made of copper. Base plates are used to spread the heat from source to the heat sink. There
is increase in need of the thermal interface material layer thickness without the base plate in the
module. The thermal cycling capability of the package increases with the use of base plate.
3.3.3 Heat Sink

Heat sink transfers the heat that is generated in the package to the surroundings. Generally
heat sinks are made of aluminium. Active and passive are the two types of heat sinks available in
the market. Active heat sinks are the type of heat sinks that they do have the fan to cool the
component. Passive heat sinks cool the component by convection process.
The main role of the heat sink is to dissipate the generated heat in the electronic components
there by keeping the package in the allowable temperature limits. Generally the heat sinks are in
contact with the fluid medium such as coolants. Heat sink acts as a barrier to transfer the heat from
the electronics into the coolant.

CHAPTER 4
MODELING OF THE IGBT PACKAGE
4.1 Design of physical model

The computational analysis is carried out using STAR CCM+, analysis software. First
computational model is designed in CREO parametric and then imported to finite element analysis
solver. The dimensions for the different parts are shown in the table below.
Table 1: Dimensions and material properties for the physical model

Part

Dimension (mm)

Material

Thermal Conductivity (K)

IGBT

13.70* 9.80*0.51

Silicon

124

w/m k

Diode

6.60*6.40*0.51

Silicon

124

w/m k

Top DBC

38.27*38.27*0.41

Cu

398

w/m k

Middle DBC

38.27*38.27*0.41

Al

237

w/m k

Bottom DBC

38.27*38.27*0.41

Cu

398

w/m k

Cu base Plate

38.27*38.27* 3

Cu

398

w/m k

TIM

38.27*38.27*0.10

Heat Sink

38.27*38.27* 6

varies with material
Al

398

w/m k
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Figure 2: Exploded view of the IGBT package

This figure shows the different layers in the IGBT package. This is the exploded view of
the assembly. IGBT and diode are attached to the DBC layer. DBC layer is the direct bond copper
layer in which aluminium layer is inserted in between two copper layers. DBC layer is attached to
the copper base plate. Thermal interface material (TIM layer) eliminates air gaps in between
copper base plate and heat sink. TIM layer is the interface in between heat sink and copper base
plate in IGBT package.
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Figure 3: Assembly of IGBT module

Figure 3 is the final assembly of IGBT package. This physical model is used to run the
simulations in STAR CCM+.
4.2 Mesh generation

The mesh models considered to get the hexahedral mesh are
-

Prism layer Mesher: It is used to resolve the boundary layer.

-

Surface Remesher: It is used to improve the triangulation of wrapped surfaces.

-

Trimmer: It is used to get hexahedral volume mesh.

The base size given is 0.5 mm. The following is the generated mesh for the domain.
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Figure 4: Hexahedral volume mesh
The number of cells for this domain= 923885

Figure 5: Section view of the mesh model
Figure 5 is the section view of the generated hexahedral volume mesh. We can see how the mesh
is generated inside the physical model.
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4.3 Mesh Refinement study

In this study different mesh models are created to know the better mesh for the physical
model. Different mesh models are created to study the variation of temperature for the different
mesh types.

Figure 6: Tetrahedral volume mesh
Tetrahedral volume mesh is created by selecting the following mesh models as shown in
the figure 6.
-

Surface wrapper

-

Tetrahedral Mesher

-

Prism layer Mesher

Base size for this model is 0.5 mm.
Number of cells generated in this mesh are 955067.
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Figure 7: Polyhedral volume mesh
Polyhedral volume mesh is created by selecting the following mesh models as shown in
the figure 7.
-

Surface Remesher

-

Polyhedral Mesher

-

Prism layer Mesher

Base size for this mesh model is 0.5 mm. Number of cells generated for this model is
767254. Results are compared by changing the different mesh models. There is no significant
change occurred in the results if we change the different types of mesh models.
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4.4 Boundary Conditions

Figure 8: Boundary conditions for the model
The boundary conditions are as follows.
Diode: Heat flux of 40 W/cm2 is given to the interface between Diode and top DBC layer.
Convection is given to the top surface and faces. These values are as below.
Heat transfer coefficient= 500 W/m2K
Temperature = 25ºC

IGBT: Heat flux of 62 W/cm2 is given to the interface between IGBT and top DBC layer.
Convection is given to the top surface and faces. These values are as below.
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Heat transfer coefficient= 500 W/m2K
Temperature = 25ºC
DBC: Convection is given to the top surface and to the faces of the DBC layer
Heat Transfer Coefficient= h = 500 W/m2 K
Temperature = 25ºC

Base Plate: Convection is given to the faces only. The values are as follows.
Heat Transfer Coefficient= h = 500 W/m2 K
Temperature = 25ºC
TIM: Convective heat transfer coefficient of 500 W/m2K was given to the faces. Temperature for
the convective boundary is 25ºC

Heat Sink: Convection is given to the faces and bottom surface. The convection values are as
follows.
Heat Transfer Coefficient= h = 500 W/m2 K
Temperature=25ºC

CHAPTER 5
RESULTS AND DISCUSSIONS
5.1 Overview of Results

Different FLG sample materials are evaluated and compared with the state-of-the art
thermal interface materials. Results are presented by comparing the following.
1. Maximum temperature in the module: The maximum temperature in the module is
compared for different thermal interface materials.
2. Contour plots of temperature distribution at different planes: Two different contour
plots are drawn at the top and bottom surfaces of the thermal interface material layer.
These contour plots demonstrate the variation of temperature at TIM layer.
3. Line plots of temperature: Line plots are drawn at the bottom of IGBT in the Zdirection. By using these plots we can know how much temperature drop occurred
across the TIM layer.
4. Heat flux plots: Heat flux plots are created at the top DBC layer, top TIM layer and
bottom TIM layer. These plots are used to quantify how much heat is spreading in the
cross plane (XY).
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5.2 Thermal Grease
TIM layer: Thermal grease
Thermal conductivity: 0.94 W/m K
Thickness of TIM layer: 100 microns

Figure 9: Temperature in the module (Thermal grease)

The temperature distribution in the module is shown in the above figure 9. The maximum
temperature in the module is 132.77 °C which is at the IGBT. The temperature gradually decreases
as we go from the heat source to the heat sink. The minimum temperature in the module is 90.968
°C.
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Contour plots at different planes:

Figure 10: Top TIM layer (Thermal grease)

Figure 11: Bottom TIM layer (Thermal grease)
The above two figures 10 and 11 shows the variation of temperature in the top and bottom
surfaces of TIM layer respectively. The difference between the maximum temperatures in the two
layers is 21.51 °C. Thermal conductivity of this TIM layer is very low. Clearly it is not allowing
heat to flow across it.
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Line plots of temperature:

Figure 12: Vertical line probe (Thermal grease)

Figure 13: XY plot for vertical line probe (Thermal grease)
Figure 12 shows the vertical line probe drawn under IGBT in Z- direction. Figure 13 is the
XY plot for the variation of temperature along that vertical line probe. The sudden drop across the
TIM layer is clearly shown in the graph.
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Contour plots of heat flux:

Figure 14: Heat flux at top DBC layer (Thermal grease)
Figure 14 shows the heat flux distribution across the cross planes (XY) at the top surface
of the top DBC layer. This shows how much heat is spreading in the XY plane. At this surface the
heat is accumulated only below IGBT and Diode.

Figure 15: Heat flux at top TIM layer (Thermal grease)
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Heat flux distribution at the top surface of the TIM layer is shown in the figure 15. Heat
flux is more at the spot where IGBT is located.

Figure 16: Heat flux at bottom TIM layer (Thermal grease)
Heat flux distribution at the bottom surface of the TIM layer is shown in the figure 16. Heat
flux is more at the spot where IGBT is located. Heat is accumulated mainly at the two spots in the
TIM layer. One is at the diode and another one is at the IGBT spots.

Line plots of Heat flux:

Figure 17: Horizontal line probes (Thermal grease)
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Figure 17 shows the horizontal line probes drawn at the top DBC layer, top TIM layer
and bottom TIM layer in the XY plane.

Figure 18: XY plot for horizontal line probes (Thermal grease)

Figure 18 shows the variation of heat flux along the three horizontal line probes drawn in
the XY plane. Heat flux is more at the spots where diode and IGBT located. Thermal grease is not
effectively being able to spread the heat evenly in cross plane (XY) due to its very low thermal
conductivity.
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5.3 Dow Corning TC 5022

Thermal conductivity: 4.3 W/m K
Thickness of the TIM layer: 100 microns

Figure 19: Temperature in the module (Dow Corning TC 5022)

The temperature distribution in the module is shown the above figure 19. The maximum
temperature in the module is 91.951 °C which is at the IGBT. The temperature gradually decreases
as we go from the heat source to the heat sink. The minimum temperature in the module is 70.421
°C.
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Contour plots at different planes:

Figure 20: Top TIM layer (Dow Corning TC 5022)

Figure 21: Bottom TIM layer (Dow Corning TC 5022)
The above two figures 20 and 21 shows the variation of temperature in the top and bottom
surfaces of TIM layer respectively. The difference between the maximum temperatures in the two
layers is 3.118 °C. Thermal conductivity of this TIM layer is low. Clearly it is not allowing heat
to flow across it.
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Line plots of temperature:

Figure 22: Vertical line probe (Dow Corning TC 5022)

Figure 23: XY plot for vertical line probe (Dow Corning TC 5022)
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Figure 22 shows the vertical line probe drawn under IGBT in Z- direction. Figure 23 is
the XY plot for the variation of temperature along that vertical line probe. The drop across the
TIM layer is clearly shown in the graph.
Contour plots of heat flux:

Figure 24: Heat flux at top DBC layer (Dow Corning TC 5022)

Figure 24 shows the heat flux distribution across the cross planes (XY) at the top surface
of the top DBC layer. This shows how much heat is spreading in the XY plane. At this surface the
heat is accumulated only below IGBT and Diode.
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Figure 25: Heat flux at top TIM layer (Dow Corning TC 5022)

Heat flux distribution at the top surface of the TIM layer is shown in the figure 25. Heat flux is
more at the spot where IGBT is located.

Figure 26: Heat flux at bottom TIM layer (Dow Corning TC 5022)
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Heat flux distribution at the bottom surface of the TIM layer is shown in the figure 26. Heat
flux is more at the spot where IGBT is located. Heat is accumulated mainly at the two spots in the
TIM layer. One is at the diode and another one is at the IGBT spot.
Line plots of Heat flux:

Figure 27: Horizontal line probes (Dow Corning TC 5022)

Figure 27 shows the horizontal line probes drawn at the top DBC layer, top TIM layer and
bottom TIM layer in the XY plane. We can observe the variation of heat flux along the line probes
in the figure.
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Figure 28: XY plot for horizontal line probes (Dow Corning TC 5022)

Figure 28 shows the variation of heat flux along the three horizontal line probes drawn in
the XY plane. Heat flux is more at the spots where diode and IGBT located. Dow corning TC 5022
is not effectively being able to spread the heat evenly in cross plane (XY) due to its low thermal
conductivity.
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5.4 Few layer graphene [Kx= 1500 W/m K, Ky = 1500 W/m K, Kz= 10 W/m K, t= 100 µm]

TIM layer: Few layer Graphene
Thermal conductivity: (Kx= 1500 W/m K, Ky = 1500 W/m K, Kz= 10 W/m K)
Thickness of the TIM layer: 100 microns

Figure 29: Temperature in the module (FLG: Kx= Ky= 1500, Kz= 10 and t= 100 µm)

The temperature distribution in the module is shown the above figure 29. The maximum
temperature in the module is 73.539 °C which is at the IGBT. The temperature gradually decreases
as we go from the heat source to the heat sink. The minimum temperature in the module is 39.969
°C.
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Contour plots at different planes:

Figure 30: Top TIM layer (FLG: Kx= Ky= 1500, Kz= 10 and t= 100 µm)

Figure 31: Bottom TIM layer (FLG: Kx= Ky= 1500, Kz= 10 and t= 100 µm)

The above two figures 30 and 31 shows the variation of temperature in the top and bottom surfaces
of TIM layer respectively. The difference between the maximum temperatures in the two layers is
0.321 °C. Thermal conductivity of few layer graphene is very high when compared to Thermal
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Grease and Dow Corning TC 5022. FLG layer is allowing the heat from source to the heat sink
effectively.
Line plots of temperature:

Figure 32: Vertical line probes (FLG: Kx= Ky= 1500, Kz= 10 and t= 100 µm)

Figure 33: XY plot for vertical line probes (FLG: Kx= Ky= 1500, Kz= 10 and t= 100 µm)
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Figure 32 shows the vertical line probes drawn under IGBT and diode in Z- direction.
Figure 33 is the XY plot for the variation of temperature along that vertical line probe. The
maximum and minimum temperatures in the module are decreased when compared to traditional
TIMs.
Contour plots of heat flux:

Figure 34: Heat flux at top DBC layer (FLG: Kx= Ky= 1500, Kz= 10 and t= 100 µm)

Figure 34 shows the heat flux distribution across the cross planes (XY) at the top surface
of the top DBC layer. This shows how much heat is spreading in the XY plane. At this surface the
heat is accumulated only below IGBT and Diode.
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Figure 35: Heat flux at top TIM layer (FLG: Kx= Ky= 1500, Kz= 10 and t= 100 µm)
Heat flux distribution at the top surface of the TIM layer is shown in the figure 35. We can
see that heat flux is almost same on the surface. Few layer graphene is being able to spread the
heat that is generated by the power densities at the IGBT and diode spots to all over the surface
area. This is due to the high in plane thermal conductivity of few layer graphene.

Figure 36: Heat flux at bottom TIM layer (FLG: Kx= Ky= 1500, Kz= 10 and t= 100 µm)
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Heat flux distribution at the bottom surface of the TIM layer is shown in the figure 36.
Clearly few layer graphene layer transferred the heat flux from IGBT and diode spots to all over
the surface.
Line plots of Heat flux:

Figure 37: Horizontal line probes (FLG: Kx= Ky= 1500, Kz= 10 and t= 100 µm)
Figure 37 shows the horizontal line probes drawn at the top DBC layer, top TIM layer and bottom
TIM layer in the XY plane.
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Figure 38: XY plot for horizontal probes (FLG: Kx= Ky= 1500, Kz= 10 and t= 100 µm)

Figure 38 shows the variation of heat flux along the three horizontal line probes drawn in
the XY plane. Heat flux is more at the spots where diode and IGBT located for the top DBC layer.
As we go from DBC layer to the TIM layers heat flux is almost constant for the line probe. Few
layer graphene layer is spreading the heat effectively in cross plane (XY) thereby decreasing the
maximum temperature in the module.
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5.5 Few layer graphene [Kx= 1500 W/m K, Ky = 1500 W/m K, Kz= 10 W/m K, t=20 µm]

Thermal conductivity: (Kx= 1500 W/m K, Ky = 1500 W/m K, Kz= 10 W/m K)
Thickness of the TIM layer: 20 microns
In this case thermal conductivity of the graphene is same as in the previous case. Thickness of the
TIM layer is 20 microns in this case.

Figure 39: Temperature in the module (FLG: Kx= Ky= 1500, Kz= 10 and t= 20 µm)
The temperature distribution in the module is shown the above figure 39. The maximum
temperature in the module is 73.300 °C which is at the IGBT. The temperature gradually decreases
as we go from the heat source to the heat sink. The minimum temperature in the module is 39.689
°C. Here there is not much decrease in the maximum temperature in the module as we change the
thickness of TIM from 100 to 20 microns.
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Contour plots at different planes:

Figure 40: Top TIM layer (FLG: Kx= Ky= 1500, Kz= 10 and t= 20 µm)

Figure 41: Bottom TIM layer (FLG: Kx= Ky= 1500, Kz= 10 and t= 20 µm)
The above two figures 40 and 41 shows the variation of temperature in the top and bottom
surfaces of TIM layer respectively. The difference between the maximum temperatures in the two
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layers is 0.1 °C. This is less when compared to previous case of 100 microns few layer graphene
TIM layer.
Line plots of temperature:

Figure 42: Vertical line probes (FLG: Kx= Ky= 1500, Kz= 10 and t= 20 µm)

Figure 43: XY plot for vertical line probes (FLG: Kx= Ky= 1500, Kz= 10 and t= 20 µm)
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Figure 42 shows the vertical line probes drawn under IGBT and diode in Z- direction.
Figure 43 is the XY plot for the variation of temperature along that vertical line probe. The
maximum and minimum temperatures in the module are decreased when compared to traditional
TIMs.
Contour plots of heat flux:

Figure 44: Heat flux at top DBC layer (FLG: Kx= Ky= 1500, Kz= 10 and t= 20 µm)
Figure 44 shows the heat flux distribution across the cross planes (XY) at the top surface of the
top DBC layer. This shows how much heat is spreading in the XY plane. At this surface the heat
is accumulated only below IGBT and Diode.
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Figure 45: Heat flux at top TIM layer (FLG: Kx= Ky= 1500, Kz= 10 and t= 20 µm)
Heat flux distribution at the top surface of the TIM layer is shown in the figure 45. We can
see that heat flux is almost same on the surface. Few layer graphene is being able to spread the
heat that is generated by the power densities at the IGBT and diode spots to all over the surface
area. This is due to the high in plane thermal conductivity of few layer graphene.

Figure 46: Heat flux at bottom TIM layer (FLG: Kx= Ky= 1500, Kz= 10 and t= 20 µm)
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Heat flux distribution at the bottom surface of the TIM layer is shown in the figure 46.
Clearly few layer graphene layer transferred the heat flux from IGBT and diode spots to all over
the surface. The heat flux distribution for this case is same as the previous one. This is because
thermal conductivity of the TIM layers is same.
Line plots of Heat flux:

Figure 47: Horizontal line probes (FLG: Kx= Ky= 1500, Kz= 10 and t= 20 µm)
Figure 47 shows the horizontal line probes drawn at the top DBC layer, top TIM layer and bottom
TIM layer in the XY plane.
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Figure 48: XY plot for horizontal line probes (FLG: Kx= Ky= 1500, Kz= 10 and t= 20 µm)
Figure 48 shows the variation of heat flux along the three horizontal line probes drawn in
the XY plane. Heat flux is more at the spots where diode and IGBT located for the top DBC layer.
As we go from DBC layer to the TIM layers heat flux is almost constant for the line probe. Few
layer graphene layer is spreading the heat effectively in cross plane (XY) thereby decreasing the
maximum temperature in the module.
If change the TIM layer thickness from 100 to 20 microns there is a small decrease in
maximum temperature occurred in the whole package. That change in temperature is 0.2°C for the
two cases. However their spreading of heat is same in XY plane because of same thermal
conductivity. From this case we can observe that TIM layer of thickness 20 microns is performing
well when compared to 100 microns case.
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5.6 Few layer graphene [Kx= 1100 W/m K, Ky = 1100 W/m K, Kz= 10 W/m K, t=100 µm]

Thermal conductivity: (Kx= 1100 W/m K, Ky = 1100 W/m K, Kz= 10 W/m K)
Thickness of the TIM layer: 100 microns

Figure 49: Temperature in the module (FLG: Kx= Ky= 1100, Kz= 10 and t= 100 µm)

The temperature distribution in the module is shown the above figure 49. The maximum
temperature in the module is 74.547°C which is at the IGBT. The temperature gradually decreases
as we go from the heat source to the heat sink. The minimum temperature in the module is
40.267°C. As we reduce the in plane thermal conductivity from 1500 to 1100 W/m K the maximum
temperature in the module is increased by 1°C.
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Contour plots at different planes:

Figure 50: Top TIM layer (FLG: Kx= Ky= 1100, Kz= 10 and t= 100 µm)
Temperature distribution in the top surface of the TIM layer is shown in the above figure
50. The maximum temperature in the layer is 62.023°C. The minimum temperature in the layer
is 50.244°C.

Figure 51: Bottom TIM layer (FLG: Kx= Ky= 1100, Kz= 10 and t= 100 µm)
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The above figure 51 shows the variation of temperature in the bottom surface of TIM layer. The
difference between the maximum temperatures in the two layers is 0.6°C.
Line plots of temperature:

Figure 52: Vertical line probes (FLG: Kx= Ky= 1100, Kz= 10 and t= 100 µm)

Figure 53: XY plot for vertical line probes (FLG: Kx= Ky= 1100, Kz= 10 and t= 100 µm)
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Figure 52 shows the vertical line probes drawn under IGBT and diode in Z- direction.
Figure 53 is the XY plot for the variation of temperature along that vertical line probe. The
maximum and minimum temperatures in the module are decreased when compared to traditional
TIMs.
Contour plots of heat flux:

Figure 54: Heat flux at top DBC layer (FLG: Kx= Ky= 1100, Kz= 10 and t= 100 µm)

Figure 54 shows the heat flux distribution across the cross planes (XY) at the top surface
of the top DBC layer. This shows how much heat is spreading in the XY plane. At this surface the
heat is accumulated only below IGBT and Diode.
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Figure 55: Heat flux at top TIM layer (FLG: Kx= Ky= 1100, Kz= 10 and t= 100 µm)

Heat flux distribution at the top surface of the TIM layer is shown in the figure 55. We can
see that heat flux is almost same on the surface. Few layer graphene is being able to spread the
heat that is generated by the power densities at the IGBT and diode spots to all over the surface
area. This is due to the high in plane thermal conductivity of few layer graphene. Heat flux values
are higher than previous few layer graphene cases because of low thermal conductivity of TIM
layer in this case.
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Figure 56: Heat flux at bottom TIM layer (FLG: Kx= Ky= 1100, Kz= 10 and t= 100 µm)
Heat flux distribution at the bottom surface of the TIM layer is shown in the figure 56.
Clearly few layer graphene layer transferred the heat flux from IGBT and diode spots to all over
the surface.
Line plots of Heat flux:

Figure 57: Horizontal line probes (FLG: Kx= Ky= 1100, Kz= 10 and t= 100 µm)
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Figure 57 shows the horizontal line probes drawn at the top DBC layer, top TIM layer and
bottom TIM layer in the XY plane.

Figure 58: XY plot for horizontal line probes (FLG: Kx= Ky= 1100, Kz= 10 and t= 100 µm)

Figure 58 shows the variation of heat flux along the three horizontal line probes drawn in
the XY plane. Heat flux is more at the spots where diode and IGBT located for the top DBC layer.
As we go from DBC layer to the TIM layers heat flux is almost constant for the line probe. Few
layer graphene layer is spreading the heat effectively in cross plane (XY) thereby decreasing the
maximum temperature in the module.
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5.7 Few layer graphene [Kx= 1100 W/m K, Ky = 1100 W/m K, Kz= 10 W/m K, t=20 µm]

Thermal conductivity: (Kx= 1100 W/m K, Ky = 1100 W/m K, Kz= 10 W/m K)
Thickness of the TIM layer: 20 microns
In this case the thickness of the TIM layer is reduced to 20 microns. Thermal conductivity of TIM
layer is same as in the previous case.

Figure 59: Temperature in the module (FLG: Kx= Ky= 1100, Kz= 10 and t= 20 µm)

The temperature distribution in the module is shown the above figure 59. The maximum
temperature in the module is 73.416°C which is at the IGBT. The temperature gradually decreases
as we go from the heat source to the heat sink. The minimum temperature in the module is
39.261°C. There is 1°C decrease in maximum temperature in the module if we change the
thickness of TIM layer from 100 to 20 microns.
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Contour plots at different planes:

Figure 60: Top TIM layer (FLG: Kx= Ky= 1100, Kz= 10 and t= 20 µm)

Figure 61: Bottom TIM layer (FLG: Kx= Ky= 1100, Kz= 10 and t= 20 µm)

The above two figures 60 and 61 shows the variation of temperature in the top and bottom
surfaces of TIM layer respectively. The difference between the maximum temperatures in the two
layers is 2.3°C.
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Line plots of temperature:

Figure 62: Vertical line probes (FLG: Kx= Ky= 1100, Kz= 10 and t= 20 µm)

Figure 63: XY plot for vertical line probes (FLG: Kx= Ky= 1100, Kz= 10 and t= 20 µm)
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Figure 62 shows the vertical line probes drawn under IGBT and diode in Z- direction.
Figure 63 is the XY plot for the variation of temperature along that vertical line probe. The
maximum and minimum temperatures in the module are decreased when compared to traditional
TIMs.
Contour plots of heat flux:

Figure 64: Heat flux at top DBC layer (FLG: Kx= Ky= 1100, Kz= 10 and t= 20 µm)

Figure 64 shows the heat flux distribution across the cross planes (XY) at the top surface
of the top DBC layer. This shows how much heat is spreading in the XY plane. At this surface the
heat is accumulated only below IGBT and Diode.
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Figure 65: Heat flux at top TIM layer (FLG: Kx= Ky= 1100, Kz= 10 and t= 20 µm)
Heat flux distribution at the top surface of the TIM layer is shown in the figure 65. We can
see that heat flux is almost same on the surface. Few layer graphene is being able to spread the
heat that is generated by the power densities at the IGBT and diode spots to all over the surface
area. This is due to the high in plane thermal conductivity of few layer graphene. These heat values
are almost same as in the previous case.

Figure 66: Heat flux at bottom TIM layer (FLG: Kx= Ky= 1100, Kz= 10 and t= 20 µm)
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Heat flux distribution at the bottom surface of the TIM layer is shown in the figure 66.
Clearly few layer graphene layer transferred the heat flux from IGBT and diode spots to all over
the surface. The heat flux distribution for this case is same as the previous one. This is because
thermal conductivity of the TIM layers is same.
Line plots of Heat flux:

Figure 67: Horizontal line probes (FLG: Kx= Ky= 1100, Kz= 10 and t= 20 µm)

Figure 67 shows the horizontal line probes drawn at the top DBC layer, top TIM Layer and
Bottom TIM layer. We can see the variation of heat flux along those horizontal line probes.
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Figure 68: XY plot for horizontal line probes (FLG: Kx= Ky= 1100, Kz= 10 and t= 20 µm)
Figure 68 shows the variation of heat flux along the three horizontal line probes drawn in
the XY plane. Heat flux is more at the spots where diode and IGBT located for the top DBC layer.
As we go from DBC layer to the TIM layers heat flux is almost constant for the line probe. Few
layer graphene layer is spreading the heat effectively in cross plane (XY) thereby decreasing the
maximum temperature in the module.
If change the TIM layer thickness from 100 to 20 microns there is a small decrease in
maximum temperature occurred in the whole package. That change in maximum temperature in
the module is 1°C for the two cases. However their spreading of heat is same in XY plane because
of same thermal conductivity. From this case we can observe that TIM layer of thickness 20
microns is performing well when compared to 100 microns case.

65

5.8 Few layer graphene [Kx= 500 W/m K, Ky = 500 W/m K, Kz= 10 W/m K, t=100 µm]
Thermal conductivity: (Kx= 500 W/m K, Ky = 500 W/m K, Kz= 10 W/m K)
Thickness of the TIM layer: 100 microns

Figure 69: Temperature in the module (FLG: Kx= Ky= 500, Kz= 10 and t= 100 µm)

In this case thermal conductivity of few layer graphene layer is 500 W/m K in X and Y
directions, 10 W/m K in Z direction. The maximum temperature in the module is 74.976 °C and
minimum temperature is 40.106 °C. We can observe that there is not much difference in the
maximum temperature occurred, if we decrease the thermal conductivity of the FLG when
compared to previous case. This is because out of plane thermal conductivity of FLG.
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Contour plots at different planes:

Figure 70: Top TIM layer (FLG: Kx= Ky= 500, Kz= 10 and t= 100 µm)

Figure 71: Bottom TIM layer (FLG: Kx= Ky= 500, Kz= 10 and t= 100 µm)
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Figure 70 and 71 shows the temperature distribution in the top and bottom surfaces of the
TIM layers respectively. The difference between the maximum temperatures in between two
surfaces is 0.3°C.
Line plots of temperature:

Figure 72: Vertical line probes (FLG: Kx= Ky= 500, Kz= 10 and t= 100 µm)
Figure 72 shows the vertical line probes drawn under the IGBT and diode. We can see the
variation of temperature along those vertical line probes.
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Figure 73: XY plot for vertical line probes (FLG: Kx= Ky= 500, Kz= 10 and t= 100 µm)
Figure 73 is the XY plot for the variation of temperature along the vertical line probes
drawn under IGBT and diode as shown in the figure 72. Green line indicates the vertical line drawn
IGBT and red line indicates at the bottom of diode. We can observe from this case that the
maximum temperature in the module is not changed drastically compared to previous cases.

Figure 74: Horizontal line probes (FLG: Kx= Ky= 500, Kz= 10 and t= 100 µm)
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Figure 74 shows the horizaontal line probes drawn at the top surface of top DBC layer and
bottom surface of the heat sink. We can see the variation of temperature along those horizontal
line probes. The temperature at the top line probe is maximum at the IGBT and diode because of
the heat fluxes. As we go to the bottom line probe, the temperature is alomost constant throughout
the line.

Figure 75: XY plot for horizontal line probes (FLG: Kx= Ky= 500, Kz= 10 and t= 100 µm)
Figure 75 is the XY plot for the variation of temperature along the two horizontal line
probes drawn in the figure 74. We can see form the graph that temperature is different at different
points at the top line probe. Whereas it is constant for the line probe drawn at the bottom surface
of the heat sink.
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5.9 Few layer graphene [Kx= 1300 W/m K, Ky = 1300 W/m K, Kz= 10 W/m K, t=20 µm]
Thermal conductivity: (Kx= 1300 W/m K, Ky = 1300 W/m K, Kz= 10 W/m K)
Thickness of the TIM layer: 20 microns

Figure 76: Temperature in the module (FLG: Kx= Ky= 1300, Kz= 10 and t= 20 µm)
In this case thermal conductivity of few layer graphene layer is 1300 W/m K in X and Y
directions, 10 W/m K in Z direction. The maximum temperature in the module is 74.212 °C and
minimum temperature is 40.146 °C.
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Contour plots at different planes:

Figure 77: Top TIM layer (FLG: Kx= Ky= 1300, Kz= 10 and t= 20 µm)
Figure 77 is the scalar scene showing the temperature variation in the top surface of the
TIM layer. The maximum temperature in the surface is 61.656°C.

Figure 78: Bottom TIM layer (FLG: Kx= Ky= 1300, Kz= 10 and t= 20 µm)
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Figure 78 is the scalar scene showing the temperature distribution in the bottom surface of
the TIM layer. The maximum temperature in the surface is 61.139°C. The difference in between
the maximum temperatures in the two surfaces is 0.5°C.
Line plots of temperature:

Figure 79: Vertical line probes (FLG: Kx= Ky= 1300, Kz= 10 and t= 20 µm)
Two vertical line probes are drawn under IGBT and diode in Z-direction are shown in the
figure 79. We can see the variation of temperature along these line probes.

Figure 80: XY plot for vertical line probes (FLG: Kx= Ky= 1300, Kz= 10 and t= 20 µm)
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Figure 80 is the XY plot showing the variation of temperature along the vertical line probes
drawn in the figure 79.

Figure 81: Horizontal line probes (FLG: Kx= Ky= 1300, Kz= 10 and t= 20 µm)
Two horizontal line probes are drawn in the above figure 81 at the top surface of the top
DBC layer and bottom surface of the heat sink. We can see the variation of temeperature at the top
horizaontal line probe. However temperature is constant at the bottom of the heat sink.

Figure 82: XY plot for horizontal line probes (FLG: Kx= Ky= 1300, Kz= 10 and t= 20 µm)
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Figure 82 is the XY plot showing the variation of temperature along those vertical line
probes. We can see that temperature is varying at the top horizontal line probe. It is constant
through the botttom line probe.
5.10 Few layer graphene [Kx= 1400 W/m K, Ky = 1400 W/m K, Kz= 10 W/m K, t=20 µm]
Thermal conductivity: (Kx= 1400 W/m K, Ky = 1400 W/m K, Kz= 10 W/m K)
Thickness of the TIM layer: 20 microns

Figure 83: Temperature in the module (FLG: Kx= Ky= 1400, Kz= 10 and t= 20 µm)
In this case thermal conductivity of few layer graphene layer is 1400 W/m K in X and Y
directions, 10 W/m K in Z direction. The maximum temperature in the module is 74.116 °C and
minimum temperature is 40.090 °C.
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Contour plots at different planes:

Figure 84: Top TIM layer (FLG: Kx= Ky= 1400, Kz= 10 and t= 20 µm)
Figure 84 is the scalar scene showing the temperature variation in the top surface of the
TIM layer. The maximum temperature in the surface is 61.556°C.

Figure 85: Bottom TIM layer (FLG: Kx= Ky= 1400, Kz= 10 and t= 20 µm)
Figure 85 is the scalar scene showing the temperature distribution in the bottom surface of
the TIM layer. The maximum temperature in the surface is 61.039°C. The difference in between
the maximum temperatures in the two surfaces is 0.5°C.
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Line plots of temperature:

Figure 86: Vertical line probes (FLG: Kx= Ky= 1400, Kz= 10 and t= 20 µm)
Two vertical line probes are drawn under IGBT and diode in Z-direction are shown in the
figure 86. We can see the variation of temperature along these line probes.

Figure 87: XY plot for vertical line probes (FLG: Kx= Ky= 1400, Kz= 10 and t= 20 µm)

Figure 87 is the XY plot showing the variation of temperature along the vertical line probes
drawn in the figure 86.
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Figure 88: Horizontal line probes (FLG: Kx= Ky= 1400, Kz= 10 and t= 20 µm)
Two horizontal line probes are drawn at the top surface of the top DBC layer and bottom
surface of the heat sink in the above figure 88. We can see the variation of temeperature at the top
horizaontal line probe. However temperature is constant at the bottom of the heat sink.

Figure 89: XY plot for horizontal line probes (FLG: Kx= Ky= 1400, Kz= 10 and t= 20 µm)
Figure 89 is the XY plot showing the variation of temperature along those vertical line
probes. We can see that temperature is varying at the top horizontal line probe. It is constant
through the botttom line probe.

78

5.11 Aluminium Nitride [K=285 W/m K, t= 100 µm]
Thermal conductivity: 285 W/m K
Thickness of the TIM layer: 100 microns
In this case I changed three DBC layers and heat sink material to few layer graphene to
know how temperature is varying in the module. TIM layer in this case is aluminium nitride.

Figure 90: Temperature in the module (Aluminium nitride)
Aluminium nitride is the TIM layer in this case. Thermal conductivity of this material is
285 W/m K. Aluminium nitride has the isentropic thermal conductivity. That means it has the same
thermal conductivity in all directions i.e. X, Y and Z. The maximum temperature in the module is
75.545°C and minimum temperature is 40.834°C.
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Contour plots at different planes:

Figure 91: Top TIM layer (aluminium nitride)
Figure 91 is the scalar scene showing the temperature distribution in the top surface of TIM
layer. Maximum temperature in this layer is 63.116°C.

Figure 92: Bottom TIM layer (aluminium nitride)
Figure 92 is the scalar scene showing the temperature distribution in bottom surface of the
TIM layer. The maximum temperature in this surface is 62.333°C. The difference in between the
maximum temperatures in these two surfaces is 0.8°C.
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Line plots of temperature:

Figure 93: Vertical line probes (aluminium nitride)
Two vertical line probes are drawn under the IGBT and diode along the Z-direction as
shown in the figure 93. We can see the variation of temperature along these vertical line probes.

Figure 94: XY plot for vertical line probes (aluminium nitride)
Figure 94 is the XY plot showing the variation of temperature along the vertical line probes
drawn in the figure 93. Green colored line indicates the probe drawn under IGBT and red line is
at the diode.
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Figure 95: Horizontal line probes (aluminium nitride)
Two horizontal line probes are drawn at the top surface of the top DBC layer and bottom
surface of the heat sink. We can see the variation of temeperature at the top horizaontal line probe.
However temperature is constant at the bottom of the heat sink.

Figure 96: XY plot for horizontal line probes (aluminium nitride)
Figure 96 is the XY plot showing the variation of temperature along those vertical line
probes. We can see that temperature is varying at the top horizontal line probe. It is constant
through the botttom line probe.
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Figure 97: XY plot for the variation of temperature along vertical probe for all cases

Figure 97 is the XY plot for the variation of temperature along the vertical line drawn under
IGBT in Z- direction for all the cases excluding traditional TIMs such as thermal grease and Dow
corning TC 5022. Cases 9, 10, 11 represented in the figure 97 are the ones where heat sink material
is also few layer graphene. For those cases there is no decrease in temperature across the heat sink.
The minimum temperature is less for the cases where heat sink is aluminium.
We can observe from the graph that FLG layer of thermal conductivity Kx= 1500 W/m K,
Ky = 1500 W/m K, Kz= 10 W/m K and thickness=20 µm is performing better than all the cases.

83

5.12 Calculation of thermal resistance
Thermal resistance R= L/K
Where L= Thickness of the TIM layer
K= Thermal conductivity
Table 2: Thermal bulk resistance
Case

Thermal Bulk Resistance

1. Thermal Grease

106.38 mm K/W

2. Dow Corning TC 5022

23.2 mm K/W

3. FLG- 20 microns (1500,1500,10)

2 mm K/W

4. FLG- 100 microns (1500,1500,10)

10 mm K/W

5. FLG- 20 microns (1100,1100,10)

2 mm K/W

6. FLG- 100 microns (1100,1100,10)

10 mm K/W

7. FLG- 100 microns (500,500,10)

10 mm K/W

8. FLG- 20 microns (1300,1300,10)

2 mm K/W

9. FLG- 20 microns (1400,1400,10)

2 mm K/W

2

2

2

2

2

2

2

2

2
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From the table we can see that bulk thermal resistance is low for the 20 microns few layer
graphene. That means 20 microns FLG layer allows heat to flow effectively across it.
5.13 Graphene- Metal composite cases
In the composite TIM cases graphene layer is inserted in between two metal layers. There
are total three TIM layers in the package. To select the best FLG layer for TIM, I have
considered three factors into consideration.
1. Maximum temperature in the module
2. Spreading of heat in cross plane( XY)
3. Bulk thermal resistance
Few layer graphene of thermal conductivity Kx= 1500 W/m K, Ky = 1500 W/m K, Kz= 10
W/m K and thickness= 20 µm has less maximum temperature in the module compared to all the
cases which is 73.300 °C. Also spreading of heat along XY plane (cross plane) is better for this
case only because of high in plane thermal conductivity. Bulk thermal resistance is less for TIM
material having the thickness 20 microns. So I have chosen this FLG to run the composite case.
Various metal combinations are tested with the FLG composite cases include
1. FLG- Copper composite
2. FLG- Aluminium composite
3. FLG- Nickel composite
4. FLG- Thermal grease composite
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5.13.1 Graphene-Copper Composite:
Graphene:
Thermal Conductivity: (Kx= 1500 W/m K, Ky = 1500 W/m K, Kz= 10 W/m K)
Thickness: 20 microns
Copper layers:
Thermal conductivity: 398 W/m K
Thickness: 40 microns

Figure 98: Temperature in the module (FLG-Copper composite)
The temperature distribution in the module is shown the above figure 98. The maximum
temperature in the module is 54.958 °C which is at the IGBT. The temperature gradually decreases
as we go from the heat source to the heat sink. The minimum temperature in the module is
42.603°C.

86

Contour plots at different planes:

Figure 99: Top TIM layer (FLG-Copper composite)
Figure 99 is the scalar scene showing the temperature distribution in the top surface of the
top TIM layer. Maximum temperature in the surface is 50.475°C.

Figure 100: Bottom TIM layer (FLG-Copper composite)
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Figure 100 is the scalar scene showing the temperature distribution in the bottom surface
of the bottom TIM layer. Maximum temperature in the surface is 49.785°C. The difference in
between the maximum temperatures in the module is 0.7°C.
Line plots of temperature:

Figure 101: Vertical line probe (FLG-Copper composite)
Vertical line probe is drawn under the IGBT in Z-direction is shown in the above figure
101. We can see the variation of temperature along that vertical line probe.

Figure 102: XY plot for vertical line probe (FLG-Copper composite)
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Figure 102 is the XY plot for the variation of temperature along the vertical line probe
drawn in the figure 101. Clearly we can see that maximum temperature in the module is at the
IGBT.
Contour plots of heat flux:

Figure 103: Heat flux at top DBC layer (FLG-Copper composite)
Figure 103 shows the heat flux distribution across the cross planes (XY) at the top surface
of the top DBC layer. This shows how much heat is spreading in the XY plane. At this surface the
heat is accumulated only below IGBT and Diode.
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Figure 104: Heat flux at top TIM layer (FLG-Copper composite)
Heat flux distribution at the top surface of the middle TIM layer (FLG) is shown in the
figure 104. We can see that heat flux is almost same on the surface. Few layer graphene is being
able to spread the heat that is generated by the power densities at the IGBT and diode spots to all
over the surface area. This is due to the high in plane thermal conductivity of few layer graphene.

Figure 105: Heat flux at bottom TIM layer (FLG-Copper composite)
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Heat flux distribution at the bottom surface of the middle TIM layer is shown in the figure
105. We can see from the figure that heat flux generated at the IGBT and diode spots is spread out
evenly all over the surface area.
Line plots of Heat flux:

Figure 106: Horizontal line probes (FLG-Copper composite)
Figure 106 shows the horizontal line probes drawn at the top DBC layer, top TIM Layer
and Bottom TIM layer. We can see the variation of heat flux along those horizontal line probes.
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Figure 107: XY plot for horizontal probes (FLG-Copper composite)
Figure 107 shows the variation of heat flux along the three horizontal line probes drawn in
the XY plane. Heat flux is more at the spots where diode and IGBT located for the top DBC layer.
As we go from DBC layer to the TIM layers heat flux is almost constant for the line probe. Few
layer graphene layer is spreading the heat effectively in cross plane (XY) thereby decreasing the
maximum temperature in the module.
From this case we can observe that few layer graphene layer is spreading the heat in cross
plane (XY). Copper has isentropic thermal conductivity in all directions. That means thermal
conductivity of 398 W/m K in all directions. Copper layer allowing the heat to flow through it.
Combining these three layers can effectively bring the maximum temperature in the package to
54.958°C.
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5.13.2 Graphene-Al Composite:
Thermal Conductivity: (Kx= 1500 w/m k, Ky = 1500 w/m k, Kz= 10 w/m k)
Thickness: 20 microns
Al layers:
Thermal conductivity: 237 W/m K
Thickness: 40 microns

Figure 108: Temperature in the module (FLG-Al composite)
The temperature distribution in the module is shown the above figure 108. The maximum
temperature in the module is 56.496 °C which is at the IGBT. The maximum temperature in this
case is greater than in the previous case. This is because aluminium has lower conductivity than
copper. The temperature gradually decreases as we go from the heat source to the heat sink. The
minimum temperature in the module is 43.780°C.
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Contour plots at different planes:

Figure 109: Top TIM layer (FLG-Al composite)
The temperature distribution in the top surface of the top TIM layer (top Al layer) is shown
in the figure 109. The maximum temperature in the surface is 52.106°C.

Figure 110: Bottom TIM layer (FLG-Al composite)
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The temperature distribution in the bottom surface of the bottom TIM layer (bottom Al
layer) is shown in the figure 110. The maximum temperature in the surface is 51.20°C. The
difference in between the maximum temperature in the two surfaces is 0.9°C.
Line plots of temperature:

Figure 111: Vertical line probe (FLG-Al composite)
Vertical line probe is drawn under the IGBT in Z-direction is shown in the figure 111. We
can see the variation of temperature along that line probe.

Figure 112: XY plot for vertical line probe (FLG-Al composite)
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Figure 112 is the XY plot for the variation of temperature along the vertical line probe
drawn in the figure 111. Clearly we can see that maximum temperature in the module is at the
IGBT.
We can observe from this case that by changing the top and bottom TIM layers in the
composite case from copper to aluminium leads to increase in the maximum temperature by 2°C.
This is because copper has higher conductivity than aluminium.
5.13.3 Graphene –Ni Composite:
Thermal Conductivity: (Kx= 1500 w/m k, Ky = 1500 w/m k, Kz= 10 w/m k)
Thickness: 20 microns
Nickel layers:
Thermal conductivity: 80 W/m K
Thickness: 40 microns

Figure 113: Temperature in the module (FLG-Ni composite)
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The temperature distribution in the module is shown the above figure 113. The maximum
temperature in the module is 59.009 °C which is at the IGBT. The maximum temperature in this
case is greater than in the previous cases. This is because nickel has lower conductivity than copper
and aluminium. The temperature gradually decreases as we go from the heat source to the heat
sink. The minimum temperature in the module is 45.663°C.
Contour plots at different planes:

Figure 114: Top TIM layer (FLG-Ni composite)
The temperature distribution in the top surface of the top TIM layer (top nickel layer) is
shown in the figure 114. The maximum temperature in the surface is 54.788°C.
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Figure 115: Bottom TIM layer (FLG-Ni composite)
The temperature distribution in the bottom surface of the bottom TIM layer (bottom nickel
layer) is shown in the figure 115. The maximum temperature in the surface is 53.051°C. The
difference in between the maximum temperature in the two surfaces is 1.7°C.
Line plots of temperature:

Figure 116: Vertical line probe (FLG-Ni composite)
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Vertical line probe is drawn under the IGBT in Z-direction is shown in the figure 116. We
can see the variation of temperature along that line probe.

Figure 117: XY plot for vertical line probe (FLG-Ni composite)
Figure 117 is the XY plot for the variation of temperature along the vertical line probe
drawn in the figure 116. Clearly we can see that maximum temperature in the module is at the
IGBT.
We can observe from this case that by changing the top and bottom TIM layers in the
composite case from aluminium to nickel leads to increase in the maximum temperature by 3°C.
This is because nickel has lower conductivity than aluminium.
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Figure 118: Variation of heat flux along the vertical probe for composite cases

Figure 118 is the XY plot for the variation of temperature along the vertical line probe
drawn under IGBT. We can see various cases by changing the top and bottom metallic TIM layers
keeping the same middle TIM Layer as FLG.
We can observe from the graph that Copper- FLG composite has lower maximum
temperature in the module than all other cases. Interestingly Thermal grease- FLG composite has
the lower minimum temperature in the module than all the cases. The maximum temperature in
this case very high.

CHAPTER 6
CONCLUSION
6.1 Summary
In this study a computer simulation model is developed to evaluate different thermal
interface materials for high heat flux applications such as space or aerospace applications. Number
of different prospective few layer graphene composite TIMs are evaluated and compared with the
state-of-the-art thermal interface materials. Thermal interface materials based on FLG-metal
composites showed superior thermal performance in terms of change in temperature (∆T) across
TIM layer, heat spreading effect, reduced hotspots and thermal bulk resistance as compared to
state-of-the-art TIMs such as Thermal Grease and Dow Corning TC5022. The change in
temperature across the TIM layer decreased drastically from 21°C in the case of thermal grease to
0.7°C in FLG-Copper composite case. The maximum temperature in the Insulated Gate Bipolar
Transistor package is decreased by 80°C when FLG-Copper composites are used as TIMs when
compared to state-of-the-art thermal grease case. Few layer graphene worked efficiently by
spreading heat in the cross plane (XY) by eliminating hotspots produced due to high heat fluxes.
6.2 Future Work
Evaluate fabrication processes for FLG-metal composite by using graphene deposition on
metal foils or 3D printing of FLG-metallic particles. Experimental evaluation of fabricated TIM
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samples by using ASTM D 5470 test method by calculating thermal bulk resistance of the samples.
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